The sunburst diving beetle, Thermonectus marmoratus, ejects a milky f luid from its prothoracic defensive glands when disturbed. Two major volatile components of this secretion are steroids; cybisterone (structure 7) constitutes about 20% of the volatiles, and a new steroid, mirasorvone, about 50%. Mirasorvone is assigned an 18-oxygenated pregnane structure (structure 9) on the basis of extensive spectroscopic data. Although no 18-oxygenated steroid has been described previously from an insect source, a closely related hormone with mineralocorticoid activity, 18-hydroxydeoxycorticosterone (structure 13), has been isolated from the adrenal glands of rats.
In the mind of the general public, steroids loom large. Consider cholesterol (1) . Millions of Americans are aware of their blood cholesterol levels, and many take cholesterol biosynthesis inhibitors regularly. Steroidal oral contraceptives have been responsible for a quiet social revolution, and closely related steroids are widely used for the relief of postmenopausal symptoms. Many steroids find application as antiinflammatory agents. The abuse of anabolic steroids by both amateur and professional athletes has become a much-publicized problem in the world of sports. But the importance of this almost ubiquitous family of tetracyclic isoprenoids is hardly limited to humans.
Among insects, for example, there are not only steroidal hormones but also steroidal pheromones and defensive agents. ␣-Ecdysone (2) controls the molting process and plays an important role in pupation (1) . Blattellastanosides A and B (3 and 4) have been characterized as active arrestants in the aggregation pheromone of the German cockroach, Blattella germanica (2) .
The demonstration that Monarch butterflies defend themselves by sequestering cardiotonic glycosides such as calotropin (5) from milkweeds has become one of the classic examples of defensive strategies in chemical ecology (3) , and the more recently elucidated defensive role of lucibufagins (of as yet unknown origin), for example 6, among fireflies involves interactions of comparable interest (4) .
Whereas these defensive compounds are present systemically within the insects, others are deployed as constituents of glandular fluids emitted in response to attack. The silphid beetle Silpha americana, for example, discharges a defensive mixture of steroids (chiefly pregnanes) when disturbed (5) . Pregnanes are also ejected by diving beetles (Dytiscidae) (6) and a species of water bug (Belostomatidae) (7) . The steroids, in the case of these aquatic insects, have been shown to be distasteful and toxic to both fish and amphibians (6, (8) (9) (10) (11) . We have studied the defensive chemistry of Thermonectus marmoratus, an aposematic dytiscid beetle recently named the ''sunburst diving beetle'' (12) (Fig. 1) , and report the chemical characterization of two steroida1 components from the secretion of its prothoracic defensive glands.
MATERIALS AND METHODS
The Beetle. T. marmoratus is a moderately sized dytiscid (body length Ϸ 12-14 mm). It occurs in the southwestern United States and extends southward into Mexico (13) . It lives in rocky creeks and streams, is at times gregarious, and is exceptional among dytiscids in bearing bright markings (13) . Larvae and adults are carnivorous, and the beetles can be readily reared on insect prey in aquaria (13) . Our work was done with beetles from a colony maintained at the Cincinnati Zoo, derived from individuals originally collected in southern Arizona.
The prothoracic defensive glands of dytiscids (14) consist of a pair of elongate sacs positioned beneath the pronotum and opening by single pores at the anterolateral angles of the prothorax, just behind the head. Such glands are typically filled with a dense suspension of white crystalline material, as we found also to be the case in T. marmoratus. Dytiscids discharge their prothoracic glands in response to direct physical disturbance. This proved true for T. marmoratus, which usually emitted its secretion promptly when seized by hand (Fig. 1) . To collect secretion for analysis, we simply grasped beetles in the fingers and wiped up the fluid that oozed from their neck with small pieces of filter paper. Samples analyzed consisted invariably of the collective output of several beetles of both sexes.
Chemistry. Mass spectra were obtained with a HewlettPackard (HP) 5890 gas chromatograph, with a 30 m ϫ 0.2 mm fused-silica capillary column coated with a 0.25 m film of DB-5, coupled to an HP-5970 Mass Selective Detector. Oven
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temperature was kept at 60°C for 4 min, increased to 270°C at 8°C͞min, and maintained at 270°C for 50 min. Introduction of samples (in ethyl acetate solution) into the chromatograph was by splitless injection. The major peak in the gas chromatogram obtained from the GC-MS analysis of the defensive secretion of T. marmoratus gave the following spectrum [m͞z (%)]: 310 (100), 295 (2) (22), and 43 (26). High-resolution GC-MS data were obtained on a VG 70-VSE instrument (resolution 5,000), and chemical ionization data were collected with methane as the reagent gas.
Ultraviolet spectra were obtained with a diode-array detector linked to a HP 1090 HPLC instrument. A 25 cm ϫ 4.6 mm ID Supelcosil LC-Si (5 m) column was eluted with a solvent gradient of 0-7.5% CH 3 OH͞CH 2 Cl 2 over a period of 15 min at a rate of 1 ml͞min. Mirasorvone eluted at 7.5 min and showed an ultraviolet absorption maximum at 282 nm.
Gas phase infrared spectra were recorded with a HP 5890 gas chromatograph (HP 5 column, 25 m ϫ 0.32 mm ID, 0.52 m film thickness) linked to a HP 5965A infrared detector. The dehydration product of mirasorvone showed absorption maxima at 3036, 2954, 2867, 1689, 1622, 1452, 1261, 1052, 877, and 811 cm Ϫ1 . Mirasorvone was isolated on a preparative scale by TLC. Secretion-impregnated filter paper from many ''milkings'' was extracted with ethyl acetate. After most of the solvent was removed by a stream of nitrogen, the residue was loaded onto Baker Si254F plates (20 ϫ 20 cm, 250 m thickness) and developed in CH 2 Cl 2 ͞EtOAc (1:1). A total of six bands were visualized on the plate under ultraviolet irradiation. The third band from the origin was collected and eluted with ethyl acetate. This extract was evaporated and resubjected to pre- C and DEPT spectra were obtained using a Varian XL 400 instrument.
The high-temperature hydrogenolysis of mirasorvone was performed by a reaction gas chromatographic procedure with a precolumn of palladium catalyst prepared according to Beroza and Sarmiento (15, 16) . In an attempted hydrolysis experiment, mirasor vone was treated with 0.5 M ptoluenesulfonic acid in CH 3 CN͞H 2 O (4:1) at 50°C. The progress of the reaction was monitored by GC-MS analysis. After 26 hr, mirasorvone was recovered unchanged, and no hydrolysis product was detected. (9); F, cybisterone (7). peaks E and F in Fig. 2 ), along with several more volatile compounds present in lesser amounts. The mass spectrum corresponding to the major gas chromatographic peak (E, ca. 50% of the volatiles) appeared to be that of a previously unknown compound (17) . A second component (F, ca. 20%), with a slightly longer GC retention time, was readily characterized on the basis of spectroscopic data as cybisterone (7), well known as a defensive steroid from the prothoracic glands of other dytiscid species (18) . The accurate mass of the molecular ion corresponding to peak E (Fig. 2) , obtained by high-resolution electron ionization MS, suggested a molecular formula of C 21 As part of an extensive study of the mass spectra of steroids, Brown and Djerassi (19) found that steroidal 3-keto-4,6-dienones cleave consistently and characteristically in just this way, yielding important fragment ions with m͞z 136 and M-135. The suggested mechanisms for the formation of these ions, however, are of byzantine complexity. We could not have deduced that we were dealing with a steroidal 3-keto-4,6-dienone on the basis of MS data had we not found these earlier studies in the literature. The observation of a strong absorption maximum at 282 nm in the ultraviolet spectrum of this compound confirmed the presence of this conjugated dienone moiety. The gas-phase infrared absorption spectrum (obtained by coupled GC-FT infrared spectrometry) showed as expected, a strong peak at 1689 cm Ϫ1 for the conjugated carbonyl group in this chromophore.
RESULTS

GC analysis of an ethyl acetate extract of a secretion sample revealed the presence of two major components (designated as FIG. 2. A gas chromatogram obtained by GC-MS analysis of an ethyl acetate extract of T. marmoratus secretion: A-D, unknowns; E, dehydration product of mirasorvone
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A high-temperature hydrogenolysis experiment performed with mirasorvone, which gave the same pattern of hydrocarbon products (GC-MS analysis) as that of an authentic sample of progesterone (8) , established the presence of a pregnane skeleton (15, 16) . Because all natural pregnanes are oxygenated (or aminated) at C-3 and C-20, we assumed that mirasorvone must also be oxygenated at these sites. The 1 H NMR spectrum of mirasorvone (see Table 1 ) shows the presence of only three olefinic protons (␦ 5.69, 6.12, and 6.17, corresponding to the protons at C-4, C-6, and C-7, respectively), only two methyl groups (both as singlets; ␦ 1.07 and 1.51), and two protons (␦ 3.77 and 3.79) on an oxygen-bearing carbon. The totality of these data led us initially to consider a number of enol ether structures, but mirasorvone proved remarkably resistant to acid-catalyzed hydrolysis, making these structures unlikely. In fact, it finally became apparent that C 21 H 26 O 2 is not the molecular formula of mirasorvone. As soon as we were able to obtain a sufficient quantity of mirasorvone for 13 C NMR analysis and a series of 2D NMR experiments (see Table  1 ), we obtained unequivocal evidence in favor of the 18-oxygenated hemiketal structure 9. The high-resolution chemical-ionization mass spectrum of mirasorvone [ 95 (1998) 328). It is now clear that mirasorvone dehydrates when subjected to GC analysis and that the peak E in the gas chromatogram (Fig. 2) represents the dehydration product. Some key 1 H-1 H correlations observed in the nuclear Overhauser effect spectroscopy spectrum of mirasorvone serve to confirm both the structure and complete stereochemistry of this steroid (see Fig. 3 ).
DISCUSSION
Is there anything interesting about this new beetle-derived compound? Structure 9 represents a cyclic hemiketal corresponding to the 18-hydroxy-20-ketopregnane 10. Although no 18-oxygenated steroids appear to have been isolated from insect sources, a search of the literature reveals that 18-hydroxyprogesterone (11) (20) and several close relatives are well known. Like mirasorvone, these compounds all exist not as the hydroxy ketones but as the corresponding cyclic hemiketals. For example, 11 actually exists as the pentacyclic tautomer 12, of undefined stereochemistry at C-20. Of particular biological interest is 18-hydroxydeoxycorticosterone (again, as its cyclic tautomer, 13), first isolated from the adrenal cortex of rats (21) . This hormone has been shown to have mineralocorticoid activity both in vivo and in vitro, and may be of significance in human essential hypertension.
We suppose that mirasorvone functions as a fish deterrent, as do the previously characterized dytiscid steroids. However, a determination of its behavioral and physiological effects on vertebrate predators or, for that matter of its possible pharmacological properties, must await its isolation or synthesis in sufficient quantity to permit more extensive experimentation.
